Purpose of Review The major focus of this review article is to provide a state-of-the-art update on some emerging measures of vitamin D status and discuss how assessment of these key vitamin D metabolites might improve prognostication of risk for cardiovascular disease (CVD) outcomes. Recent Findings Vitamin D deficiency is a highly prevalent condition and relatively easy to treat with supplementation and/or modest sunlight exposure. A substantial body of experimental and epidemiological evidence suggests that vitamin D deficiency is a risk factor for CVD. 
Introduction
Vitamin D is a fat-soluble vitamin that is critical for the maintenance of bone mineral density (BMD) [1, 2] , but there is growing evidence that it may also reduce inflammation, play a role in regulating the renin-angiotensin-aldosterone system, improve insulin sensitivity, and modulate the immune system [3] [4] [5] [6] [7] [8] . Specifically, there have been numerous epidemiologic studies that have demonstrated that vitamin D deficiency is associated with increased risk of cardiovascular diseases (CVD) [9] , including coronary heart disease (CHD) [10•, 11] , congestive heart failure (HF) [12] , peripheral arterial disease [13] , and cerebral vascular disease [14, 15] .
To date, virtually all epidemiologic studies linking low vitamin D with CVD risk have focused on total 25-hydroxyvitamin D levels [25(OH)D], which long withstanding has been viewed as the best marker of vitamin D stores. However, there is emerging evidence that other novel markers of vitamin D metabolism may better characterize vitamin D status. Were this the case, measurement of these novel markers might yield a stronger association between vitamin D and CVD risk and may provide an explanation for the observation that the association between 25(OH)D and CVD is stronger in Whites than Blacks [10•, 11, 12, 14] . Some of the novel measures at the forefront of these discussions include bioavailable 25 (VMR) . In fact, the US Preventive Services Task Force in their 2015 recommendation statement not only concluded that there was insufficient evidence to balance the benefits and harms of screening for vitamin D deficiency among asymptomatic adults, but also that it is unclear whether total 25(OH)D is the best indicator of vitamin D status or whether bioavailable 25(OH)D should be used instead [16] .
The major focus of this review article is to provide a stateof-the-art update on key emerging measures of vitamin D status and discuss how assessment of these novel vitamin D metabolites might improve prognostication of risk for CVD outcomes.
Vitamin D Metabolism: an Overview
There are two precursors to 25(OH)D; D3 (cholecalciferol), made in the skin and from animal food products, and D2 (ergocalciferol) which is derived from plant sources [6, 17] . A major source of vitamin D occurs when ultraviolet (UVB) exposure to skin results in the conversion of 7-dehydrocholesterol , a cholesterol precursor, to previtamin D3 which isomerizes to D3. [18] . Nutritional intake traditionally had provided a relatively small source of vitamin D, but there has been an increased use of over the counter supplements more recently [17, 19, 20] .
Cholecalciferol and ergocalciferol are hydroxylated to 25(OH)D predominantly in the liver. Although 25(OH)D is the major storage form of vitamin D, 1,25(OH) 2 D is the hormonally active metabolite of vitamin D. The conversion of 25(OH)D to 1,25(OH) 2 D takes place in the kidneys primarily by the 1α-hydroxylase enzyme, but this conversion can also be seen in vasculature as well. The 1α-hydroxylation is controlled by the effect of parathyroid hormone (PTH) and fibroblast growth factor-23 (FGF-23) [21] . Figure 1 summarizes the vitamin D metabolism pathway in a simplified format.
In circulation, most of the 25(OH)D and 1,25(OH) 2 D is bound to vitamin D binding protein (VDBP). In fact, 85-90% of all circulating 25(OH)D is bound to VDBP, 10-15% is bound to albumin, and less than 1% of the total is free [22, 23] . Table 1 below. Some newer iterations of the formula for free vitamin D argues for using binding constants for rs7041 and rs4588 [26] , which are single nucleotide polymorphism (SNP) variants related to VDBP, to account for differences in relative binding affinity, but there is currently no consensus opinion on using these iterations. [27, 29] .
Why Study Vitamin D and CVD?
Vitamin D is a potentially important target of CVD risk for several reasons. First, vitamin D deficiency is relatively common in the adult population. Vitamin D concentrations are typically measured with serum 25(OH)D, which is the predominant circulating storage form. Vitamin D deficiency has generally been defined as 25(OH)D levels ≤20 ng/mL, with levels of 20-30 ng/mL considered insufficient, and levels ≥30 ng/ml considered optimal by the Endocrine Society [30] , but these cut-points are not without controversy [31] . The Institute of Medicine (IOM) position is that levels ≥20 ng/ml should be adequate enough for health for the vast majority of Americans [32] . The National Health and Nutrition Examination Survey (NHANES) in the 2000s analyzed the general American population and found a prevalence of vitamin D deficiency (levels <20 ng/ml) of about 40% and that rates of deficiency were much higher in certain racial/ethnic groups, namely Blacks (80%) and Hispanics (60%) [33] . This data has been supported by other similar large population studies [34] [35] [36] .
Second, there have been several large studies demonstrating a convincing association between vitamin D levels and cardiovascular outcomes [8, 9] . In a 2012 meta-analysis [9] , which included 19 independent prospective studies with 6123 CVD cases in 65,994 participants, Wang et al. demonstrated a generally linear, inverse association between circulating 25(OH)D and risk of CVD. In a comparison of the lowest with the highest 25(OH)D categories, the pooled relative risk for total CVD was 1.52 (95% confidence interval, 1.30-1.77), for CVD mortality was 1.42 (1.19-1.71), for CHD was 1.38 (1.21-1.57), and for stroke was 1.64 (1.27-2.10). These associations were robust, remaining strong and significant when analyses were limited to studies that excluded participants with baseline CVD, and were better controlled for season and confounding.
Findings from these epidemiologic studies align with in vitro studies using VDR and 1α-hydroxylase knock-out mice that have shown increased cardiovascular and metabolic risk [37, 38] . The activation of VDR is felt to be the key step that has a number of potential effects on the cardiovascular system including downregulation of renin gene transcription [38] [39] [40] , activation of vasodilatory and anti-thrombotic proteins [41] [42] [43] , and inhibition of foam cell formation and increased cholesterol efflux in macrophages [44] .
Third, there are numerous treatments for vitamin D deficiency ranging from increasing intake of nutritional sources such as milk, eggs, and fatty fish to UVB radiation and to supplements including vitamin D2 and D3 [1] . Finally, vitamin D levels in theory should be readily measureable, again making it a potentially ideal biomarker for screening. Presently, in patient populations where screening of vitamin D status is indicated, current guidelines recommend measurement of 25(OH)D, which has been associated with PTH, BMD, and fracture risk [45] .
In sum, if low vitamin D status is confirmed to be causally associated with CVD, it makes it an attractive target for prevention given ease of screening and low-risk treatment options.
Limitations of Existing Vitamin D Research
Low vitamin D has not yet been definitely established as a causal risk factor for CVD. It is unclear if vitamin D is a true risk factor that contributes directly to the development of CVD progression or if it is simply a reflection of other health characteristics that are causally associated with CVD risk [46, 47] . Mendelian randomization studies have not supported a causal role of vitamin D in CVD pathogenesis [48, 49] . Additionally, while animal models have suggested that vitamin D deficiency is associated with hypertension, endothelial dysfunction, and left ventricular dysfunction, this association has not always been so conclusive in clinical trials. While a number of studies have demonstrated a positive association between vitamin D deficiency and CVD risk factors, there have been many other trials that have shown a null relationship.
For instance, hypertension has been one of the more wellstudied CVD outcomes in relation to vitamin D deficiency [50] , but vitamin D supplementation in randomized controlled trials (RCTs) have not conclusively shown any clinically significant reduction in blood pressure despite more than 40 such trials investigating this question [51, 52] . Most recently, the VINDICATE trial, which recruited patients with chronic HF, showed that vitamin D supplementation did not improve the patients' 6-min walk test [53] . Jiang et al. in their meta-analysis of vitamin D supplementation in the treatment of chronic HF also did not show any clinically significant change in LV function or exercise tolerance [53] . Additionally, meta-analyses of RCTs with vitamin D supplementation have not shown significant effects on endothelial dysfunction when flow-mediated dilatation, pulse wave velocity, and the augmentation index were used as indicators of arterial stiffness [54] .
There remains very limited and inconclusive data on the role of vitamin D supplementation on CVD outcomes [55] , and more RCTs need to be conducted. It is important to note that prior RCTs might be potentially limited by under-dosing of vitamin D supplementation [8] . Another criticism of prior vitamin D trials has been that most trials did not measure vitamin D levels at baseline and restrict recruitment to only those with low levels [46] . Vitamin D supplementation may only be beneficial in those with low levels at baseline. Fortunately, there are active large-scale trials underway to test whether 25(OH)D supplementation reduces CVD risk [55] . One of the largest studies in progress in the USA is the Vitamin D and Omega-3 Trial (VITAL) of nearly 26,000 participants that is looking at the role of vitamin D3 and omega-3 fatty acid (in combination or separately, versus placebo) for the prevention of CVD [56] . This RCT is anticipated to conclude in 2017 and hopefully will be informative in guiding clinical recommendations. Similar ongoing studies include DHealth in Australia, FIND in Finland, and VIDAL in the UK [55] .
Finally, there have been recent concerns about whether 25(OH)D is the optimal marker for assessing vitamin D status. If we wish to screen for low vitamin D, to potentially intervene with the goal of preventing CVD, it is important to have a biomarker which accurately reflects of someone's physiologically active vitamin D [57] . Initial studies that assessed the utility of 25(OH)D have been mostly validated for assessing bone health and may not be readily applicable in CVD settings [57, 58] . Also, new biomarkers have recently emerged, but these have not yet been evaluated prospectively in relation to CVD risk.
Racial Paradox of Vitamin D Levels and Potential Utility of Bioavailable/Free Vitamin D Levels
One of the concerns of 25(OH)D as a marker for serum vitamin D levels has been paradoxical findings by race. It has been well known that Blacks have lower levels of 25(OH)D because the melanin-rich skin reduces absorption of UVB light needed for vitamin D synthesis [18] . Yet despite the fact that Blacks living in the USA have roughly 30% lower 25(OH)D than their counterpart Whites, elderly African American women have significantly lower rates of fractures, roughly half of counterpart White American women [33, 59, 60] . Furthermore, using data from the MESA study Robinson-Cohen et al. raised concern from the MESA study that lower serum 25(OH)D was a risk factor for CHD in White and Chinese participants, but not in Blacks or Hispanics [10•] . A similar finding of increased CHD risk associated with low 25(OH)D status in Whites but not Blacks was also noted in the ARIC study [11] . Furthermore, racial differences in CVD risk conferred by 25(OH)D deficiency have also been noted for the outcomes of stroke [14] , HF [12] , and diabetes [61] .
This has led to an intensified interest in the free hormone hypothesis, which is a general rule of thumb in endocrinology that free hormones in the serum are the physiologically active forms and their concentrations may be more reliable indicators of the hormonal effects, relative to total hormone levels. For other analogous endocrine hormones, clinicians frequently try to use measurements such as free thyroxine (T4) levels or free testosterone levels in a number of medical conditions that can affect the binding protein [24, 62] .
To reconcile this paradox, Powe et al. in 2013 published in the NEJM a study that concluded that the racial differences in 25(OH)D levels may be secondary to low VDBP levels in African Americans [26] . They used a monoclonal immunoassay to measure the concentration of VDBP to estimate bioavailable vitamin D and found that the bioavailable and free vitamin D levels in Blacks were similar to that of Whites after accounting for VDBP. This finding seemed promising as an explanation for the racial paradox.
However, the conclusions from Powe et al.'s study have been very controversial and recently disputed especially regarding the method used to measure VDBP, which was used to estimate bioavailable 25(OH)D concentrations [63, 64•] . Powe et al. used a monoclonal sandwich assay to determine VDBP. Other studies have found that VDBP levels were significantly lower in Blacks when using certain monoclonalbased enzyme-linked immunosorbent assays (ELISA) but actually higher when using a polyclonal-based ELISA [59] .
Genome-wide association studies (GWAS) of 25(OH)D levels have found that variants of genes involved in cholesterol synthesis, hydroxylation, and vitamin D transport influence vitamin D status [65••] . There are two major polymorphisms for VDBP that generate three possible haplotypes (Gc1s, Gc1f, and Gc2) with genetic variation at GC, a gene that encodes the binding protein [63] . Of these, Blacks are more likely to have the Gc1f haplotype by a significant margin. Hoofnagle et al. raised concern that there was no guarantee that monoclonal antibodies would recognize the same epitope in all the VDBP variants. In 187 participants with genotyped VDBP, Hoofnagle et al. discovered that when they measured VDBP using a liquid chromatography-tandem mass spectrometric assay (LC-MS/ MS), the concentrations of VBDP were similar to that of a polyclonal assay, but the monoclonal assay resulted in very different (i.e., lower) results especially in the presence of the Gc1f haplotype [63, 64•] . Their results found, in contrast to Powe's conclusions, that the concentrations of VDBP were actually similar among Whites and Blacks and unfortunately could not explain the vitamin D racial paradox.
Furthermore, Nielson et al. in two separate publications also showed that there is a strong dependence of calculated free 25(OH)D depending on the assay used for VDBP for Blacks, with the monoclonal assay conferring significant underestimation of the VDBP concentration compared to polyclonal assays [21, 66••, 67] .
In another recent study of 125 participants in the Chronic Renal Insufficiency Cohort (CRIC), Denburg et al. compared measurement of serum VDBP using a monoclonal ELISA, a polyclonal ELISA, and LC-MS/MS [68] . They found that VDBP haplotype only explained ≤9% of the variability in VDBP concentrations when using LC-MS/MS or polyclonal ELISA but 85% of the variability of VDBP levels when using the monoclonal ELISA. Among the Gc1f homozygotes, VDBP levels were measured to be lower using monoclonal ELISA than when using the other assays. Again, VDBP levels did not differ by race when using LC-MS. Blacks had both lower levels of free 25(OH)D and bioavailable 25(OH)D which was in a reflection of their lower total 25(OH)D levels [68] , since 25(OH)D is used to calculate free and bioavailable D.
The takeaway from the racial paradox controversy is that it is now widely accepted that VDBP levels are relatively similar across races, thus arguing against the free hormone hypothesis to explain why 25(OH)D is a stronger CVD risk factor in Whites than Blacks. This highlights the need for further research to identify the optimal way to assess vitamin D status in diverse populations.
As mentioned previously, these emerging studies have highlighted that the specific assay used for measurement of VDBP is absolutely critical for determination of free and bioavailable vitamin D levels. While free vitamin D can be calculated using concentrations of 25(OH)D and VDBP as described in the formula above, there are also newer commercially available assays that can directly measure free 25(OH)D [67] ; however at this time, the utility of these assays remain uncertain. Regarding bioavailable vitamin D calculations, currently, the LC-MS method has been particularly promising for measurement of VDBP since it does not bind differentially by genotype, unlike the monoclonal immunoassay. Population-based studies using LC-MS measurement to calculate bioavailable vitamin D and free vitamin D levels have been applied in studying chronic kidney disease. For instance, in a study by Rebholz et al., lower levels of free and bioavailable vitamin D and higher levels of VDBP were associated with new onset end-stage renal disease [69] .
Measurement of 24,25(OH) 2 D3 and calculation of VMR may provide further insight into racial differences in the association of vitamin D status with health outcomes. Prior work by Berg et al. in Clin Chem in 2015 found that Blacks compared to Whites have lower concentrations of both 25(OH)D3 and 24,25(OH) 2 D3, that these measures were strongly correlated with each other, and thus, Blacks and Whites had similar median VMR values [28] . Their study provides additional support that total 25(OH)D may not be the best measure of vitamin D sufficiency in Blacks and that alternate measures such as VMR should be considered.
Thus far, there has not been substantial research examining the relationship between free/bioavailable vitamin D with CVD outcomes [21] . At this time, whether measuring any of these alternate measures of vitamin D status can provide further prognostication regarding CVD risk above the traditionally measured 25(OH)D remains uncertain. This is an emerging area where further research is strongly needed.
Novel Measurement of Vitamin D Status-Challenges and Limitations
While there has recently been a marked increased interest in using these novel measures of vitamin D status, they are not without their own limitations. Even measurement of 25(OH)D can be challenging since the assay needs to account for differences in the two major forms, 25(OH)D2 and 25(OH)D3. Both forms have different affinity to serum proteins and certain medical conditions such as pregnancy, high estrogen state, and renal failure can lead to incomplete dissociation of 25(OH)D from the serum proteins for assay measurement, which can lead to falsely low levels [25•, 70, 71] . Although LC-MS is now considered the "gold standard" for 25(OH)D assessment, given the high cost with LC-MS instrumentation, immunoassays for 25(OH)D will likely remain the more commonly used assay in clinical practice for some time.
Ideally, calcitriol (i.e., 1,25(OH) 2 D) would be a useful marker of vitamin D activity since it is measuring the activated form of the hormone which is believed to confer the health benefits of vitamin D. But it generally remains a poor choice for assessment of vitamin D status because vitamin D-deficient individuals can increase 1-alpha-hydroxylase expression through tight compensatory mechanisms involving PTH, phosphorous, and FGF-23, leading to normal levels of the active form even in the face of deficiency [72] . Also, 1,25(OH) 2 D has a very short half-life of about 4 h and circulating levels are a 1000 times lower than 25(OH)D, making measurement technically challenging [73] . Furthermore, there is currently no accepted reference method for measurement [21, [73] [74] [75] .
Concentrations of 24,25(OH) 2 D, the major catabolic product of 25(OH)D, are another promising marker of vitamin D activity. As mentioned above, 24,25(OH) 2 D has been demonstrated to be proportional to 25(OH)D breakdown; thus, this or VMR may be a more accurate reflection of physiological vitamin D levels [28, 29, 76] as VMR is expected to decrease in patients with functional vitamin D deficiency. Unfortunately, there has been little to no clinical research examining the relationship of 24,25(OH) 2 D or VMR with BMD or CVD. In general, LC-MS is the only current method to measure these metabolite products and these concentrations are very low in the nanomolar range, making it even more challenging to measure [21] .
Additionally, SNP variants in vitamin D metabolism may become more relevant in the future in assessing vitamin D status. In a GWAS meta-analysis by Ahn et al., the authors showed several promising polymorphism associated with 25(OH)D levels in these genes: GC (for VDBP), DHCR7 (7-dehydrocholestrol reductase involved in vitamin D synthesis pathway from sun exposure), and CYP2R1 (encoding cytochrome P450 family 2 that is involved in hydroxylation of vitamin D in liver) [77] . The strength of using genetically determined markers are that they remain stable across time and are less likely to be affected by confounders. However, it has not been shown yet that measuring these SNPs improves cardiovascular risk prediction better than measuring serum 25(OH)D levels alone [15] .
Conclusion
There is substantial experimental and epidemiological evidence to suggest that vitamin D is a potential casual risk factor for CVD. Vitamin D deficiency is highly prevalent and relatively easy to replete. However, the optimal approach for assessing vitamin D status is unclear. The racial paradox of vitamin D status in relationship to bone and CVD outcomes has particularly raised concern that the current method of 25(OH)D measurement may not be the most optimal measurement. New vitamin D metabolism markers-such as VDBP, bioavailable D, free vitamin D, 24,25(OH) 2 D, and VMR-may more accurately reflect vitamin D status than 25(OH)D. They may therefore be more relevant for understanding the physiology through which vitamin D influences CVD and potentially for screening for vitamin D as a CVD risk factor. Of course, results from large and rigorously conducted RCTs are needed to determine whether vitamin D repletion reduces the risk of CVD outcomes.
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